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ABSTRACT 


Background Angiotensin converting enzyme 2 (ACE2), a monocarboxylase that degrades angiotensin II to 
angiotensin 1-7, is also the functional receptor for severe acute respiratory syndrome (SARS) coronavirus 
(SARS-CoV) and is highly expressed in the lungs and heart. Patients with SARS also suffered from cardiac 
disease including arrhythmias, sudden cardiac death, and systolic and diastolic dysfunction. 


Materials and methods VWVe studied mice infected with the human strain of the SARS-CoV and encephalomyo- 
carditis virus and examined ACE2 mRNA and protein expression. Autopsy heart samples from patients who 
succumbed to the SARS crisis in Toronto (Canada) were used to investigate the impact of SARS on myocardial 


structure, inflammation and ACE2 protein expression. 


Results Pulmonary infection with the human SARS-CoV in mice led to an ACE2-dependent myocardial infection 
with a marked decrease in ACE2 expression confirming a critical role of ACE2 in mediating SARS-CoV infection 
in the heart. The SARS-CoV viral RNA was detected in 35% (7/20) of autopsied human heart samples obtained 
from patients who succumbed to the SARS crisis during the Toronto SARS outbreak. Macrophage-specific 
staining showed a marked increase In macrophage infiltration with evidence of myocardial damage in patients 
who had SARS-CoV in their hearts. The presence of SARS-CoV in the heart was also associated with marked 


reductions in ACE2 protein expression. 


Conclusions Our data show that SARS-CoV can mediate myocardial inflammation and damage associated with 
down-regulation of myocardial ACE2 system, which may be responsible for the myocardial dysfunction and 
adverse cardiac outcomes in patients with SARS. 


Keywords Angiotensin converting enzyme 2, heart, macrophage, SARS coronar virus, severe acute respiratory 


syndrome. 
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Introduction 


Human (and rodent) angiotensin converting enzyme 2 (ACE2) 
is an endothelium-bound carboxymonopeptidase with single 
active-site catalytic region whose expression is limited mainly to 
endothelial cells of the arteries, arterioles and venules in various 
organs including the heart, lungs and kidneys [1,2]. Loss of 
ACE2 leads to an age-dependent cardiomyopathy [1-3] and kid- 
ney disease [4] while also enhancing pulmonary [5], cardiac [6] 
and renal injuries [7]. In addition to its peptidase action, ACE2 
also functions as the receptor for the ‘severe acute respiratory 
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syndrome’ coronavirus (SARS-CoV) [8-10] and ACE2 expres- 
sion is necessary for the pulmonary infection by SARS-CoV [10- 
12]. Severe acute respiratory syndrome (SARS) spread rapidly 
through the world leading to significant morbidity and acute, 
often lethal, lung failure with a mortality of approximately 10% 
despite modern-day therapies [11,12]. In Toronto, the SARS 
outbreak was associated with loss of lives, considerable burden 
on the healthcare system and a huge economic impact [13-15]. 
Fatal SARS is associated with a viraemic response suggesting 
that SARS-CoV may affect other organs [16]. Interestingly, 
patients infected with the SARS-CoV suffered from cardiac 
disease including systolic and diastolic dysfunction [17], 
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arrhythmias and sudden death [18]. We hypothesized that the 
interaction between SARS-CoV and ACE2 in the heart could 
contribute to SARS-mediated myocardial inflammation and 
damage. We showed that pulmonary infection with the SARS- 
CoV in mice leads to myocardial SARS-CoV in an ACE2-depen- 
dent manner coupled with down-regulation of the myocardial 
Ace2 mRNA and loss of ACE2 protein. In patients who died 
from SARS, presence of SARS-CoV in the heart was associated 
with greater macrophage infiltration and myocardial damage 
in association with decreased myocardial ACE2 protein expres- 
sion. Our results demonstrate that ACE2 plays a key role in 
mediating SARS-CoV infection in the heart, which in combina- 
tion with down-regulation of the myocardial ACE2 could be 
the underlying pathophysiological mechanism of SARS-associ- 
ated heart disease. 


Materials and methods 


Experimental animals, in vivo SARS-CoV infection 
and EMC myocarditis protocol 

Mutant mice have been previously described [1] and only male 
littermate ACE2 mutant (Ace2—/y), wild-type (Ace2+/y) con- 
trols were used in this study. All experiments were performed 
in accordance to institutional guidelines. The SARS-CoV 
(Beijing strain, PUMC01 isolate) was used to infect mice via the 
intranasal route [10] and at day 2, mice were killed and the 
hearts were removed for further analyses. Wild-type C57BL/6 
mice (age 8-10 weeks) were maintained in a sterile, pathogen- 
free environment and were injected peritoneally with 10 pla- 
que-forming units of encephalomyocarditis (EMC) virus or 
with normal saline as previously described [19]. Mice were 
killed at 3 days postinfection and hearts were aseptically 
removed and frozen in liquid nitrogen. All animal experiments 
were performed in accordance with the Institutional Guidelines 
and the Canadian Council on Animal Care. 


Autopsies 

In the greater Toronto area (Ontario, Canada), 44 patients died 
from SARS and 21 patients underwent autopsies. Dr J. Butany, 
a staff cardiovascular pathologist at the University Health 
Network, was the official pathologist of the SARS victims. The 
control group consisted of autopsies from age- and gender- 
matched patients who were intubated and ventilated, and died 
from pneumonia and sepsis over the same time period. Our 
study was carried out in accordance with institutional research 
ethics board review. 


Histology and immunohistochemistry 
Trichrome and haematoxylin—eosin staining and visualization 
were carried out as previously described to assess for architec- 


tural alterations, inflammation and fibrosis [3,20]. Macrophage 
and T-lymphocyte specific staining using anti-CD68 and anti- 
CD3 antibodies, respectively, were carried out as previously 
described[20,21]. Paraffin-embedded sections were pretreated 
using the pepsin digestion method followed by treatment with 
mouse monoclonal anti-CD68 antibody (Dako Labs, clone PGM1, 
1 : 100 dilution, Mississauga, ON, Canada) or rabbit polyclonal 
anti-CD3 antibody (Dako Labs, 1 : 100 dilution). Sections were 
then incubated with biotinylated multilink secondary antibody 
(ID Labs Biotechnology Inc., London, ON, Canada) and treated 
with horse peroxidase-conjugated strepavidin labelling reagent 
(ID Labs Biotechnology Inc.). Macrophage counts, degree of 
inflammation, fibrosis and cardiomyocyte cross-sectional area 
were obtained from three sections from each heart with five ran- 
dom views from each section as previously described [3]. Apop- 
tosis was assessed by the terminal deoxynucleotidyl transferase- 
mediated dNTP end-labelling (TUNEL) using the ApopTag Plus 
kit (Intergen, Purchase, New York, NY, USA) [20]. Immunohisto- 
chemistry for ACE2 was carried out using anti-ACE2 antibody as 
previously described [10] and quantified as previously described [3]. 


Real-time PCR and Western blot analysis 

Ethics approval and real-time PCR analysis of human heart 
samples for the SARS-CoV was performed as previously 
described [22,23]. Reverse transcriptase polymerase-chain reac- 
tion (RT-PCR) analysis was in agreement with the diagnostic 
criteria for SARS as established by various agencies including 
the World Health Organization (WHO) and Centre for Disease 
Control (CDC). The homogenized heart samples were purified 
using Q1A shredder columns prior to RNA isolation by using 
the RNeasy Mini Kit (Qiagen Inc., Mississauga, ON, Canada). 
The RT-PCR was carried out by using the Real Art HPA-Coro- 
navirus virus LightCycler RT Reagents Assay (Artus GmbH, 
Hamburg, Germany) with 80 LightCycler real-time platform 
(Roche Diagnostics, Laval, Canada). The 80-bp region of the 
SARS-CoV RNA polymerase gene was amplified using previ- 
ously published methods [22]. Western blot analysis for myo- 
cardial ACE2 protein was carried out using a primary mouse 
ACE2-specific polyclonal antibody generated in our laboratory 
ata 1: 1000 dilution and a secondary goat antimouse antibody 
(1 : 5000; BD Biosciences, Mississauga, ON, Canada) as previ- 
ously described [1,7]. Analysis of myocardial Ace2 mRNA 
expression was carried out using Taqman real-time PCR using 
the forward primer: 5’-GGATACCTACCCTTCCTACAT- 
CAGC-3’, reverse primer: 5’-CTACCCCACATATCACCAAG- 
CA-3’ and probe: 5’-FAM-CCACTGGATGCCTCCCTGCCC- 
TAMRA-3’ as previously described [7,10]. 


Statistical analysis 


All data are shown as mean + SEM. All statistical analyses 
were performed using spss software (Chicago, IL, USA; Version 
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10:1). We used ANova followed by the Student’s Neuman—Keuls 
test for multiple comparison testing while the Student’s t-test 
was used for comparisons between any two groups. 


Results 


ACE2 mediates myocardial SARS-CoV infection and 
leads to its down-regulation 

Angiotensin converting enzyme 2 is the functional receptor for 
the SARS-CoV and mediates SARS-CoV pulmonary infection 
[8,10]. We examined the myocardial response to pulmonary 
infection with the SARS-CoV. Within 2 days following SARS- 
CoV infection, there was a marked presence of the SARS-CoV in 
the heart of wild-type (Ace2+/y) mice, while SARS-CoV levels 
were reduced in the hearts of Ace2—/y mice providing the first 
evidence for dependence of myocardial SARS-CoV infection on 
ACE? expression (Fig. 1a). Interestingly, this process lead toa 


partial down-regulation of Ace2 mRNA expression in wild-type 
mice (Fig. 1b) in association with a complete loss of myocardial 
ACE2 protein levels (Fig. 1¢,d). These results show that ina 
well-validated pulmonary murine model of SARS [10], SARS- 
CoV can clearly infect the heart and modulate ACE2 expression. 
To decipher whether the effects on ACE2 expression is mediated 
directly by SARS-CoV vs. a secondary myocarditis process, we 
studied the encephalomyocarditis (EMC) virus-induced murine 
model of viral myocarditis. Consistent with the impact of SARS- 
CoV on myocardial Ace2 mRNA expression, EMC viral myocar- 
ditis was associated with a significant decrease in Ace2 mRNA 
(Fig. le). In contrast, myocardial ACE2 protein levels showed a 
significant increase (Fig. 1f,¢) suggesting an increased transcrip- 
tional efficiency of Ace2 mRNA and/or reduced proteolytic 
processing of ACE2. These results demonstrate that pulmonary 
infection with SARS-CoV in our murine model leads to myocar- 
dial SARS-CoV in an ACE2-dependent manner in association 
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Figure 1 Pulmonary SARS-CoV infection leads to myocardial SARS-CoV infection and down-regulation of myocardial ACE2 expres- 
sion. (a-d) Human SARS-CoV mRNA in the hearts of infected mice showing a clear dependence on ACE2 for myocardial SARS-CoV 
infection (a) with down-regulation of myocardial Ace2 MRNA expression based on real-time PCR (b) and myocardial ACE2 protein 
levels shown by Western blot analysis (c) and quantification (d) in response to pulmonary SARS-CoV infection. *P < 0:01 compared 
with infected Ace2’/y group; #P < 0:01 compared with uninfected group, n = 5, ND, not detectable. (e-g) Discordant changes 

in myocardial Ace2 MRNA and myocardial ACE2 protein levels in encephalomyocarditis (EMC) virus-induced myocarditis with 
real-time PCR showing reduced myocardial Ace2 MRNA (e) with increased myocardial ACE2 protein levels based on Western 

blot analysis (f) and quantification (g). **P < 0:01 compared with placebo group, n = 5. 
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with decreased myocardial Ace2 mRNA expression and a crisis for the evidence of myocardial SARS-CoV infection. 
specific reduction in myocardial ACE2 protein levels. Twenty patients, all of whom had confirmed diagnoses of SARS 
with SARS-CoV being detected in their lungs, were studied. 
Presence of SARS-CoV in autopsied heart samples in Reverse transcriptase-polymerase chain reaction analysis 
association with myocardial damage showed that 35% of the patients (7 of 20) had positive SARS- 
Interestingly, severe cardiac dysfunction has also been CoV genome detected in the heart (Fig. 2a) with an average 
described in patients with SARS [17,18]. Given the high expres- viral load of 4-07 x 10° copies of SARS-CoV per gram of heart 
sion of ACE2 in the heart [1,24] coupled with the observation tissue (age: 70 + 12 years; 3M/4P). Importantly, the duration of 
that SARS-CoV is detectable in the plasma of SARS patients the illness was significantly shortened in patients with detect- 
[12,25], we examined whether pulmonary SARS-CoV infection able SARSCoV in their hearts (1 = 7; 3-9 + 2:3 days) vs. patients 
leads to myocardial SARS-CoV infection in patients who died without SARS-CoV in the heart (1 = 13; 43-2 + 9-7 days) 
from SARS. We examined the archived postmortem autopsy (P < 0-05) (Fig. 2a). These results indicate that in patients with 
heart tissues from patients who had succumbed to the SARS SARS, pulmonary SARS-CoV infection can clearly lead to 
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Figure 2 Detection of SARS-CoV genome in postmortem human heart samples with evidence of myocardial inflammation and 
damage. (a) Presence of SARS-CoV genome in the heart of 35% of the patients who died from SARS (+SARS-CoV, open bar, n = 7) 
and its negative impact on illness duration compared with patients who died from SARS without SARS-CoV in the heart (-SARS- 
CoV, closed bar, n = 13); #P < 0:05 compared with +SARS-CoV group. (b—-h) Representative trichrome-stained myocardial section 
obtained from a patient who died from non-SARS& related sepsis (bacterial pneumonia) (b), SARS with evidence of SARS-CoV in the 
heart (c), SARS without evidence of SARS-CoV in the heart (d) showing increased interstitial fibrosis and inflammation (e) and 
cardiomyocyte hypertrophy based on myocyte cross-sectional area (MCSA) (f) without evidence of apoptosis in patients who died 
from SARS with (g) and without (h) evidence of SARS-CoV in the heart. Scale bar represents 50 uM. *P < 0:01 compared with all 
other groups. VL-ve and VH-ve = patients who died from a non-SARS related sepsis (open bar), VL+ve and VH+ve = patients who 
died from SARS with SARS-CoV in the heart (grey bar) and VL+ve and VH-ve = patients who died from SARS without SARS-CoV in 
the heart (closed bar), n = 7 per group. 
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SARS-CoV infection in the heart resulting in a more aggressive 
illness and earlier death. Trichrome-staining showed increased 
myocardial inflammation and interstitial fibrosis in patients 
who had SARS-CoV detected in their hearts (Fig. 2a—e). The 
presence of myocardial inflammation and reduced ACE2 
expression in response to myocardial SARS-CoV infection was 
associated with pathological hypertrophy as shown by 
increased cardiomyocyte cross-sectional area (Fig. 2f). Assess- 
ment of apoptosis using TUNEL staining revealed no increased 
apoptosis in the autopsied heart samples (Fig. 2¢,h). 


Myocardial macrophage infiltration in patients with 
myocardial SARS-CoV 

The presence of SARS-CoV in the heart suggests that this could 
lead to myocardial inflammation. We used a positive control 
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eroup that consisted of 13 patients who died from SARS with- 
out evidence of SARS-CoV in the heart (age 67 + 12 years; 
6M/7F) and negative control group consisting of patients who 
died from bacterial pneumonia and did not have SARS (n = 7; 
age 68 + 9 years; 3M/4F). Immunohistochemical staining of 
postmortem myocardial tissue using a macrophage-specific 
(CD-68) cell-surface marker revealed a significant amount of 
macrophage infiltration (Fig. 3a—d), which was clearly 
increased in patients who had SARS-CoV in their hearts with 
only a minor elevation in patients without SARS-CoV in the 
heart (Fig. 3e). In contrast, immunohistochemical staining of T- 
cell specific (CD-3) cell-surface marker showed that myocar- 
dial lymphocytic infiltration was minimal (Fig. 3f-h) with no 
significant difference in lymphocyte count between groups 
(Fig. 3i). 
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Figure 3 Increased macrophage infiltration in the absence of increased lymphocytic infiltration in the left ventricle of patients who 
died from SARS. (a-e) Representative anti-CD68-stained immunohistochemistry section from a patient who died from non-SARS 
related sepsis (bacterial pneumonia) (a), SARS with evidence of SARS-CoV in the heart (b), SARS without evidence of SARS-CoV in 
the heart (c) and a positive control section obtained from human spleen (d) with quantification of myocardial macrophage count (e). 
(f-i) Representative anti-CD3 immunohistochemistry illustrating a representative section from a patient who died from SARS with 
evidence of SARS-CoV in the heart (f), SARS without evidence of SARS-CoV in the heart (g) and a positive control section obtained 
from human spleen (h) with quantification of myocardial lymphocyte count (i). Scale bar represents 50 uM. #P < 0:05 compared 
with all other groups. VL-ve and VH-ve = patients who died from a non-SARS$ related sepsis (open bar), VL+ve and VH+ve = patients 
who died from SARS with SARS-CoV in the heart (grey bar) and VL+ve and VH-ve = patients who died from SARS without SARS- 


CoV in the heart (closed bar), n = 7 per group. 
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Reduced ACE2 protein expression in patients with 
myocardial SARS-CoV 

The ability of SARS-CoV to utilize ACE2 as a receptor in vivo, 
and the presence of SARS-CoV in the heart suggests that SARS- 
CoV can interact with the myocardial ACE2 system. We 
hypothesized that the presence of SAR-CoV in the hearts could 
be associated with decreased ACE2 protein expression. Consis- 
tent with our observations in our murine model, immunohisto- 
chemistry for myocardial ACE2 protein expression showed that 
the presence SARS-CoV in the heart was associated with 
marked down-regulation of ACE2 protein expression (Fig. 4a— 
c), which was quantified and shown in Fig. 4f. The specificity of 
our anti-ACE2 antibody was shown by pre-incubation with 
human recombinant ACE2 (1 mg mL’, kindly provided by 
Apeiron Biologics, Austria), which blocked most of the 
immunostaining for the native ACE2 protein (Fig. 4e). 


Discussion 


Patients who were infected with the SARS virus suffered from 
cardiac disease ranging from systolic and diastolic dysfunction 
[17], arrhythmias and sudden death [18]. In this study, we have 
provided evidence that ACE2 functions as the myocardial 


SARS-CoV receptor in vivo. Respiratory SARS-CoV infection in 
our murine model leads to an ACE2-dependent SARS-CoV infec- 
tion in the heart and decreased myocardial Ace2 mRNA expres- 
sion. Cytokine-mediated transcriptional down-regulation of 
Ace2 mRNA could have lead to decreased Ace2 mRNA levelin 
SARS-CoV and EMC-mediated viral myocarditis[26]. Virus- 
mediated receptor down-modulation has been described for 
multiple viruses including HIV, measles and pulmonary SARS- 
CoV [10]. The complete loss of ACE2 protein in hearts infected 
with SARS-CoV could be secondary to the activation of ADAM- 
17/TACE by the SARS spike protein, which is known to cleave 
and release ACE2 [27] and/or due to SARS-CoV binding to ACE2 
in the endothelial cells leading to endocytosis of the 
ligand/receptor complex [12,28] and subsequent intracellular 
degradation of ACE2. 

In patients who succumbed to SARS, SARS-CoV was 
detected in the heart of 35% of the subjects suggesting that 
SARS-CoV is capable of infecting the myocardium in suscepti- 
ble individuals. We showed that patients who had SARS-CoV 
in their hearts died considerably earlier suggesting that myo- 
cardial SARS-CoV infection was associated with a more aggres- 
sive course of illness. SARS-CoV interaction with ACE2 led to 
SARS-associated cardiomyopathy and likely contributed signif- 
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Figure 4 Reduced ACE2 protein expression in patients who died from SARS and had SARS-CoV detected in their hearts. (a—e) Rep- 
resentative sections showing staining for ACE2 in the heart from a patient who died from non-SARS& related sepsis (bacterial 
pneumonia) (a), SARS with evidence of SARS-CoV in the heart (b), SARS without evidence of SARS-CoV in the heart (c), a negative 
control section (d) while pre-incubation with recombinant human ACE2 (1 mg mL~') prevented ACE2 staining (e). Scale bar repre- 
sents 50 uM. (f) Quantification of ACE2 immunohistochemical staining showing reduced ACE2 protein expression in patients who 
died from SARS with SARS-CoV in their hearts. *P < 0:05 compared with all other groups; VL-ve and VHve = patients who died from 
a non-SARS related sepsis (open bar), VL+ve and VH+ve = patients who died from SARS with SARS-CoV in the heart (grey bar) and 
VL+ve and VH-ve = patients who died from SARS without SARS-CoV in the heart (closed bar), n = 7 per group. 
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icantly to the morbidity and mortality in patients with SARS 
[17,18]. Consistent with the cardiac disease in patients who 
succumbed to SARS, we previously reported that bilateral 
pulmonary oedema in association with bilateral pleural effu- 
sions was frequently observed at the time of autopsy [22]. 
Increased myocardial interstitial fibrosis in patients with SARS- 
CoV in the heart is consistent with recent findings showing that 
the SARS-CoV nucleocapsid (N) protein potentiates transform- 
ing growth factor-beta-mediated fibrosis [29]. Consistent with 
observations in lung tissue from patients affected by SARS [23], 
CD 68 positive macrophages were detected in SARS-positive 
hearts with an absence of lymphocytic invasion. In contrast to 
classic viral myocarditis as seen with the enteroviruses and her- 
pesvirus type 6, which are associated with a prominent lym- 
phocytic infiltration [30], SARS-CoV-induced myocardial 
inflammation is mediated predominantly by macrophages and 
the resultant production of chemokines [23,31]. 

The deleterious effects of myocardial SARS-CoV infection 
could be perpetuated by the prompt and severe down-regula- 
tion of ACE2 resulting in increased Ang II action and/or loss of 
the cardioprotective effects from Ang 1-7 [1,3,5] and/or activa- 
tion of ADAM-17/TACE by the SARS spike protein leading to 
an increased release of TINF-« [20,27]. Myocardial dysfunction 
could also be secondary to the strong interferon-mediated 
immunopathological events associated with the immune 
response in patients with SARS [31,32]. The cardiovascular 
involvement could explain the marked age dependence of mor- 
tality seen in patients with SARS [11,12] because of decreased 
cardiovascular reserve with ageing. Consistent with ACE2 
being a key SARS-CoV receptor, patients with diabetes mellitus 
in whom ACE2 expression is increased [7] showed greater sus- 
ceptibility to SARS [13,14]. Our results imply that interactions 
between infectious agents with key receptor/signalling path- 
ways in the cardiovascular system may confer unique sensitiv- 
ity to SARS-CoV and potentially other viral infections. Indeed, 
interaction and subsequent activation of the PI3K signalling by 
influenza A virus are an important determinant of viral replica- 
tion and may lead to adverse cardiovascular effects in the 
setting of an avian influenza epidemic [33]. 
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